A small-molecular model reaction was designed to probe the reversible addition-fragmentation chain transfer (RAFT) process. In this reaction, alkoxyamine releases radicals that react in situ with dithioester through the RAFT process, generating new radicals through the fragmentation of the intermediate radical. The new radicals can be trapped by free 2,2,6,6-tetramethyl-piperidinyl-N-oxyl radicals (TEMPO) from homolysis of alkoxyamine. The overall reaction is the crossover of the leaving groups between alkoxyamine and dithioester. The advantage of this model as a probe of the RAFT process is that it does not involve polymerization-related elementary reactions such as initiation, propagation, and chain length dependent termination. The kinetics of the model reaction were measured using high-performance liquid chromatography, and then fitted by Monte Carlo simulation to estimate rate coefficients. The obtained rate coefficients of addition for various dithioesters fell into a narrow range of 10 7 À10 8 L mol À1 s À1 , whereas the rate coefficient of fragmentation was model-dependent. It was also found that a significant fraction of the dithioester was consumed by an unspecified additional mechanism. A tentative explanation is proposed in which the intermediate radical undergoes a secondary RAFT reaction with dithioesters, forming a secondary intermediate that serves as a radical reservoir.
Introduction
Reversible addition-fragmentation chain-transfer process (RAFT)-based radical polymerization mediated by thiocarbonylthio compounds has become one of the most widely used controlled or 'living' methodologies in macromolecular design. [1] [2] [3] [4] [5] [6] [7] The fundamental study of the kinetics and mechanism of RAFT-based polymerization, performed with the purpose of determining the rate coefficients of chain-transfer reactions, is an ongoing topic in the literature. [8, 9] According to Rizzardo and coworkers, the RAFT process involves the addition of a primary radical to the thiocarbonylthio compound, forming an intermediate radical that may fragment at either of its two arms, releasing either the initial primary radical or a new leaving radical. [10] In the latter case, a new thiocarbonylthio compound is formed, which may recombine with the released radical to regenerate the intermediate. Both leaving radicals are able to initiate the polymerization of monomers. In this way, the RAFT process confers the probability of growth on all chains equally.
The kinetics of the RAFT polymerization specifically mediated by dithiobenzoates are, however, characterised by a retardation of the polymerization rate. [11, 12] Mechanistic investigations of the retardation kinetics led to two seemingly incompatible reaction schemes, i.e. slow fragmentation of the intermediate and cross-termination between the propagating and the intermediate radicals, both of which consume propagating radicals and cause a slow-down in polymerization. The slow-fragmentation model was proposed on the basis of radical storage by long-lived intermediates, albeit at ambient temperature. [13, 14] This model was supported by ab initio quantum chemistry calculations. [15] The cross-termination model was based on the observation of terminated species with triple the molecular weight. [16] It was supported by the characterization of three-armed species formed from intermediate termination, [17] although these species were not observed during structural analysis of RAFT polymerization products using gel permeation chromatography coupled with electrospray ionization mass spectrometry. [18] The magnitudes of the individual rate coefficients of addition and fragmentation, k add and k frg , are critical points that can distinguish between the two models. Unfortunately, the determination of the rate coefficients, especially that of k frg , is modeldependent. For example, for cumyl dithiobenzoate-mediated bulk polymerization of styrene at 608C, the Centre for Advanced Macromolecular Design (CAMD) group estimated the rate coefficients as k add ¼ 5.4 Â 10 5 L mol À1 s À1 and k frg ¼ 3.3 Â 10 À2 s À1 , giving the equilibrium constant K ¼ k add /k frg ¼ 1.6 Â 10 7 L mol À1 . [12] However, Fukuda and coworkers obtained a value of k frg ¼ 10 4 s À1 for a very similar system of styrene polymerization mediated by oligomeric polystyryl dithiobenzoate. [17, 19] Direct analytical solution of k add and k frg from the RAFT polymerization kinetics is very difficult owing to the large number of coupled differential equations involved in the elementary kinetic steps. Besides, multiple solutions are likely to be obtained for many unknown parameters of various kinetic equations fitted to limited experimental data. Kinetic modeling of RAFT polymerization has been achieved using the method of moments with, however, no differentiation among initiatorderived radical, leaving radical or chain radical in the theoretical treatment. [20] The number of elementary reactions is multiplied by taking into account the various kinds of active species in the pre-equilibrium and main equilibrium. [21] [22] [23] The kinetics of the RAFT polymerization are further complicated by different polymerization behaviour depending on monomers [24, 25] and RAFT agents. [26] Specifically, styrene polymerizes in a well-controlled manner in the presence of dithiobenzoates, [27] whereas methyl methacrylate (MMA) shows hybrid behavior of conventional and controlled polymerizations. [24, 25] A straightforward method to evaluate the parameters k add and k frg is ab initio quantum chemical calculation. [28] Based on calculated geometries, energies and frequencies, Coote and coworkers were able to evaluate the activities of a number of RAFT agents with various Z-and R-substituents. [22, 29, 30] The calculated value of the equilibrium constant, K ¼ k add /k frg ¼ 7.3 Â 10 6 L mol À1 for the reaction between cumyl radical and methyl dithiobenzoate, was found to be consistent with the slow-fragmentation model. [15] It seems that quantum chemical calculations are useful not only for the systematic study of the structure and properties of thiocarbonylthio compounds, but also for the computer-aided design of potentially effective RAFT agents. [31] A key parameter in the study of kinetics is the concentration of the intermediate radical, which can be measured by electron paramagnetic resonance spectroscopy (EPR), even if the spectrum is complicated by the coexistence of various intermediates possessing different leaving groups. [17, [32] [33] [34] Buback and coworkers conducted time-resolved EPR spectrometry in the RAFT polymerization of butyl acrylate initiated by single laser pulses. Rate coefficients were obtained via numerical fitting of the build-up and relaxation kinetics of the intermediate radical. [35] For the RAFT polymerization of butyl acrylate mediated by dithioester at À408C, a value of K eq ¼ (2.3 AE 0.6) Â 10 5 L mol À1 was obtained, and a value of 75 AE 15 L mol À1 was deduced for the system at 708C. [36] In a simpler system, 2,2 0 -azobis(isobutyronitrile) (AIBN) was used as radical initiator to react with cyano-iso-propyl dithiobenoate. [37] K eq ¼ (9 AE 1) L mol À1 was obtained from the ratio of concentration of cyano-iso-propyl radicals to that of the intermediate radical. Notably, using a dithioester possessing a diethoxyphosphoryl Z-group, it was possible to differentiate between the EPR signals of various intermediate radicals. Kinetic fitting of concentration v. time profiles of different radicals led to an estimation of k add E 10 7 L mol À1 s À1 , and k frg E 10 4 s À1 . [38] Recently, Coote and coworkers used a spin-trapping technique to evaluate the rate coefficients of the RAFT process. [39] Using the signals of nitroxyl radicals formed in situ, they were able to measure the evolution of the concentration of the intermediate radical over time in association with the kinetic profile of the spin trapper. The addition rate coefficient was estimated to be 5 Â 10 6 L mol À1 s À1 , and the fragmentation rate coefficient for the reaction of tert-butyl radical with tert-butyl dithiobenzoate was estimated to be 8 Â 10 À3 s À1 .
The equilibrium constant of the RAFT process was also estimated in RAFT mini-emulsion using a modified Smith-Ewart equation by Luo et al. [40] K values of 314 and 22 L mol À1 were obtained for polystyrenes with dithiobonzoate and dithioacetate termini respectively, from which the fragmentation rate coefficient was estimated to be on the order of 10 4 À10 5 s À1 .
Recently, Suzuki et al. carried out styrene RAFT polymerization in bulk and in mini-emulsion. [41] By comparison of the polymerization rates, the value of the fragmentation rate coefficient was estimated to be 10 4 s À1 , which supports the conclusion that the mechanism involves cross-termination.
Perrier and coworkers proposed a model for the coexistence of the two apparently conflicting mechanisms, in which the cross-termination of the intermediate radical occurs only with the shortest active species. [42] This model predicted rate coefficients that were consistent with the slow-fragmentation model, and the overall concentration of radicals was consistent with EPR experiments.
A few years ago, we proposed a small-molecular model reaction between alkoxyamine and dithioester to study the kinetics of the RAFT process. [43] In this process, alkoxyamine generates radicals at a rate regulated by the 'persistent radical effect'. [44, 45] The model reaction is free of chain propagation events, so the RAFT process can be investigated in a simplified way with remarkably few elementary reactions. The chaintransfer ability of radicals to different RAFT agents can be measured by choosing suitable leaving groups of alkoxyamine and dithioester. However, close analysis of the cross-reaction products indicated that the kinetics were affected by side reactions such as thermal decomposition [46] and oxidation of the dithioesters. [47] Thermal decomposition is significant for dithioesters with bulky leaving groups, such as cumyl dithiobenzoate and 2-cyanoprop-2-yl dithiobenzoate, at temperatures of 908C or higher. The oxidation of dithioester into thioester occurs easily in the presence of a trace amount of oxygen, which cannot be removed through the normal degassing processes used in RAFT polymerization. A scenario for diminishing the interference of these side reactions is to use more thermally stable dithioesters, such as those with phenylethyl as the leaving or attacking radical, and to use a more rigorous degassing procedure. In the present work, we used 1-(2 0 ,2 0 ,6 0 ,6 0 -tetramethylpiperidinyl-N-oxy)-1-phenylethane (PEON) as the radical source to perform cross-reactions with a number of thiocarbonylthio compounds through the small-molecular RAFT process. The measured kinetics allowed us to evaluate the magnitude of the RAFT rate coefficients by Monte Carlo simulation, and to make comparison of the chain-transfer reactivity of various thiocarbonylthio compounds towards phenylethyl radicals. In addition, a proposed new mechanism may account for the loss of RAFT agents during the reaction.
Experimental

Materials
Methanol (Lingfeng Chemicals, Shanghai, 99.5 %), light petroleum (Shenxiang Chemicals, Shanghai, 60À908C), dichloromethane (Lingfeng Chemicals, Shanghai, 99 %) and bromobenzene (Wulian Chemicals, Shanghai, 99.5 %) were dried over CaCl 2 and distilled before use. Cyclohexane (Feida, Shanghai, 99.5 %) and benzene (Shenxiang Chemicals, Shanghai, 99 %) were dried over sodium and distilled before use. Styrene (Yonghua Special Chemicals, Shanghai, 99 %) and carbon disulfide (CS 2 , Shanghai Fourth Factory of Chemicals, 99 %) were distilled after being stirred over CaCl 2 for 24 hours. 2,2 0 -Azobis(isobutyronitrile) (AIBN, Shanghai Fourth Factory of Chemicals, 99 %) was recrystallized from methanol. tert-Butyl benzene (Aldrich, 99 %) and ethyl a-bromoisobutyrate (Aldrich, 98 %) were used as received.
Measurements
High-performance liquid chromatography (HPLC) was performed with a Waters (Waters, Milford, MA) 515 pump, a C-18 column and a UV detector with the wavelength set at 254 and 300 nm. An acetonitrile/water (83 : 17 v/v) mixture was used as eluent (flow rate: 1.0 mL min À1 ) at 408C. 1 H NMR was carried out on a Bruker (Bruker, Rheinstetten) (500 MHz) NMR instrument, using tetramethylsilane (TMS) as the reference. Fouriertransform infrared spectroscopy (FT-IR) was performed on a Magna-550 instrument (Nicolet, Madison, WI) (KBr pellet). Gas chromatography-mass spectrometry (GC-MS) was performed on an Agilent Technologies 6890N system (Agilent Technologies, Santa Clara, CA), equipped with a mass-selective detector using electron-impact ionization. Analytes were separated by an HP-5MS capillary column of 30 m (0.25-mm internal diameter and 0.25-mm film thickness), which was inserted directly into the ion source of the MS system. Helium (99.999 %) was the carrier gas, maintained at a flow-rate of 1.0 mL min À1 . The injector was kept at 2808C and samples were split-injected (1 mL, split ratio 100 : 1). The column oven temperature was programmed to start at 808C for 2 min, ramp at 108C min À1 to 2808C, and remain at 2808C for 5 min. Electron ionization (EI) spectra were scanned between 50 and 550 Da in the full-scan acquisition mode. The transfer line and EI source temperatures were both at 2308C. The electron multiplier voltage was set to 70 eV.
Synthesis of Alkoxyamine and RAFT Agents
All RAFT agents were synthesized according to the literature. [13, 26] Characterization data were given in previous publications [46, 47] and are also presented as Supplementary Material. PEON was synthesized using a spin-trapping method [48] and characterization data are given as Supplementary Material.
Cross-Reaction between Alkoxyamine and Dithioesters
Alkoxyamine PEON was reacted with a number of dithioesters, listed in Table 1 . For example, PEON (0.261 g, 1.0 mmol) and 2-cyanoprop-2-yl dithiobenzoate (CNSS) (0.011 g, 0.05 mmol) were dissolved in tert-butyl benzene (5 mL). The solution was separated into nine 1-mL ampoules. Each ample was degassed with six cycles of freezing-pumping-thawing before sealing, then heated to 908C for a predetermined period. At a given time, one of the ampoules was quenched in liquid nitrogen. The conversion of dithioesters was found to be 7, 22, 24, 30, 39, 45, 48, 54 and 61 %, for 3, 6, 9, 12, 18, 22, 27, 30 and 35 min respectively. The concentrations of the starting dithioesters at different reaction times were calculated on the basis of the initial amount and signal intensities, whereas those of the resulting dithioesters were determined by HPLC using calibration curves of authentic compounds (Supplementary Material).
Monte Carlo Modelling of the Cross-Reaction
Monte Carlo simulation was performed to determine the rate coefficients of the RAFT process by fitting to the measured reaction kinetics. The details of the algorithm are given in a previous study. [43] The elementary reactions and corresponding rate constants are given in Table 1 .
Mechanistically, the cross-reaction is triggered by the homolysis of alkoxyamine to generate a carbon-centred radical, R 1 , and a nitroxyl persistent radical, 2,2,6,6-tetramethyl-piperidinyl-N-oxyl (TEMPO), obeying the rate law of the persistent radical effect. [44, 45] (1)
Here, k d_1 and k c_1 are the rate constants of homolysis and recombination respectively. Radical R 1 reacts with the thiocarbonylthio compound, ZSSR 2 , in which R 2 is the leaving group and Z is the activating group, through the RAFT process. [10] (2)
Here R 2 SZSR 1 is the intermediate radical, and k add_1 , k add_2 , k frg_1 and k frg_2 are the reversible addition and fragmentation rate constants respectively. The RAFT process also occurs between radicals with identical structures:
The released radical, R 2 , can be trapped by TEMPO to form a new alkoxyamine, R 2 ON. (4) The trapping reaction is reversible and its coupling and homolytical rate constants are k c_2 and k d_2 respectively. In addition, irreversible biradical termination is inevitable through either a recombination or disproportionation process, forming dead chain species P com and P dis , respectively: (5) No differentiation has been made between recombination and disproportionation owing to the lack of data on individual rate coefficients and the lack of the ratio of the terminated products of phenylethyl radical. This does not affect the overall reaction rate because the terminated species will not take part in the reaction any further. The overall reaction between R 1 ON and ZSSR 2 is the crossover of the leaving groups, yielding new alkoxyamine R 2 ON and thiocarbonylthio compound ZSSR 1 . Similarly, the crossover of substituents has been reported between macromolecular analogues of alkoxyamine and dithioester. [49] Side reactions involving alkoxyamine should be considered in the kinetic study. It was reported that the homolysis of alkoxyamine may occur either at the N-OC or at NO-C bond. [50] For the TEMPO-derived alkoxyamine in the present work, however, homolysis at the NO-C bond is favoured by 50 kJ mol À1 over that at the N-OC bond, and solvent and temperature have little effect on the relative preference of the two pathways. [50a] This translates into a substantial difference in the corresponding kinetics Table 1 
. Rate coefficients used in kinetic modelling
The rate coefficients for the RAFT (reversible addition-fragmentation chain transfer) process are the results of the present work. For those of alkoxyamine homolysis and recombination, and irreversible biradical termination, refer to the literature [51] RAFT processes
Alkoxyamine homolysis and recombination
Biradical termination constants. Therefore, in the present work, homolysis at N-OC bond is negligible.
The RAFT rate coefficients are evaluated through a reaction system using a large excess of alkoxyamine, in which the crossreaction is forced to proceed almost entirely in a single direction. Ignoring the reverse reaction, we obtain the time-dependent concentration of the starting dithioester as follows:
In a previous publication, the reaction rate was obtained analytically as follows: [43] ln
This relies on the assumption that the concentration of the expelled radical, [R 1 ], is determined by the persistent radical effect. However, in the present work, this is unlikely because the left side of Eqn 7 shows a linear dependence on the reaction time, indicating a stationary concentration of attacking radical (see below).
Results and Discussion
Cross-Reaction between Dithioester and Alkoxyamines The cross-reaction was performed in well-deaerated tertbutylbenzene solution at 908C, using a 20-fold excess of PEON. Fig. 1 shows an example HPLC diagram monitoring the reaction between CNSS and PEON. The concentration of CNSS decreased over the course of 35 min, whereas that of the resulting dithioester, PESS, increased simultaneously. The peak intensity of PEON decreased only slightly during this period. The signal from the anticipated resulting alkoxyamine, 2-(2 0 ,2 0 ,6 0 ,6 0 -tetramethylpiperidinyl-N-oxy)-2-cyano-propane (CNON), was not observed owing to its low content in the mixture or low solubility in the eluent. This did not affect the kinetic study, however, because the RAFT process took place and produced the expected dithioesters. The signal from TEMPO appeared at retention time (RT) ¼ 3.4 min and increased in intensity owing to biradical termination.
The termination products of disproportionation, such as styrene and ethylbenzene, were observed at RT 3.8 and 3.9 min respectively. They were identified by comparison with the authentic compounds. The species formed by combination termination, 2,3-diphenylbutane, may be assigned to the peak that partially overlapped with that of TEMPO. Low solubility of 2,3-diphenylbutane in the HPLC eluent may cause additional uncertainty in the determination of the fractions of combination termination. No cross-termination product of leaving radicals with the intermediate radicals was observed, possibly owing to very low concentrations. These species were not detected by GC-MS either, possibly owing to their instability under column conditions.
One of the reasons for using a large excess of alkoxyamine is to reach a high conversion of the starting thiocarbonylthio compounds within a short period, and so to diminish the effect of side reactions such as thermal decomposition and oxidation. [46, 47] Another key means of avoiding oxidation is a rigorous deaeration process. Three cycles of freezing, evacuating and thawing, which are usually used in RAFT polymerization, are not enough to completely remove the oxygen, as indicated by the fact that the peaks for the oxidized species are otherwise always observed. Only after six cycles of deaeration process is the oxidized product reduced to negligible levels. Fig. 2 shows the kinetics of the reaction in terms of the change in the concentration of the starting dithioester, ln ½ZSSR 2 0 ½ZSSR 2 t , against reaction time, the subscripts denoting times zero and t respectively. All data points fall on a straight line, indicating a stationary concentration of the alkoxyaminederived radical, [R 1 ], according to the following equation,
In this way, it seems that a dynamic balance is built between radical generation and consumption. R 1 is generated through homolysis of the alkoxyamine and fragmentation of the intermediate at the R 1 side, but it is consumed through recombination with TEMPO, addition to dithioester and the irreversible biradical termination:
Previous results from Monte Carlo simulation indicate that the time-dependence of [R 1 ] obeys the rate law of the persistent radical effect, giving Eqn 7, provided that k add is low or k frg is large ( fig. 1 in ref. [43] in which the leaving groups of alkoxyamine and dithioester are assumed to be identical and, therefore, would possess equal k add and equal k frg ). [43] When k add is significantly smaller than the recombination rate coefficient between alkyl and nitroxyl radicals, k c , or when k frg is large enough (e.g. .10 2 s À1 ) to promote a fast chain-transfer process, they have a negligible effect on the kinetics of the persistent radical effect of the applied alkoxyamine.
However, the linear kinetic plots in Fig. 2 imply that the persistent radical effect may have been violated in the present work, indicating a larger k add , which cannot be obtained from Eqn 7. Monte Carlo simulation including all elementary reactions may give more reliable results. The previous study also gave preliminary kinetic results in which the value of ln([ZSSR 2 ] 0 /[ZSSR 2 ] t ) was indeed found to be proportional to t 2/3 . [43] However, the kinetics may be a composite of crossreactions, thermal decomposition and radical-induced oxidation of dithioesters.
It is also clear from Fig. 2 that the rate of crossreaction depends on the leaving group of the dithioesters. The reactivity decreases in the following order:
. benzyl (-CH 2 Ph). It has been reported that CNSS led to the highest chain-transfer coefficient owing to its steric and electronic (electron-withdrawing) effects. [26] BzSS showed the least reactivity owing to the low leaving ability of the benzyl group. Cross-reactions were also carried out using dibenzyl trithiocarbonate and O-ethyl-S-cumyl xanthate as the RAFT agents. Nonetheless, the reaction rates were very low and no product was observed after up to 2 h of heating at 908C. The slow reaction rates can possibly be ascribed to a small k add_1 because it was reported that the thiocarbonylthio compounds can be stabilized by lone pair-donating substituents such as alkoxy (in xanthates) and alkylthio (in trithiocarbonates). [26,29,30,46c] For dibenzyl trithiocarbonate, the slow fragmentation of the benzyl group may also contribute to the slowness of the overall reaction. Therefore, the cross-reaction is a straightforward means of comparing the chain-transfer activities of different thiocarbonylthio compounds.
Monte Carlo Simulation Fitting the Measured Kinetics
One merit of the cross-reaction is that the number of elementary reactions is lower than that in real RAFT polymerization systems. Coote pointed out that a complete kinetic model of the RAFT polymerization may contain 49 addition rate coefficients and 49 fragmentation rate coefficients. [22] The kinetic model shown in the present work contains only four rate coefficients for addition and fragmentation reactions each. If the homolytic and recombination rate constants of alkoxyamine are known, it is possible to evaluate the rate coefficients of the RAFT process by Monte Carlo simulation fitting to the measured kinetics.
The Monte Carlo algorithm is based on stochastic determination of the microscopic elementary reactions at a time t according to their reaction probabilities. [43, 52] The method generally gives exactly the same results with other tools, such as PREDICI Ò (CiT Ltd, Rastede, Germany). The rate coefficients used in the simulation are listed in Table 1 . The rate coefficients of homolysis and coupling of PEON, as well as those of other alkoxyamines that form in situ during the crossreaction, and the rate coefficients of self-termination of transient radicals, k t , are calculated according to Arrhenius equations given in the literature. [51] The initial number of alkoxyamine molecules was 10 9 , corresponding presumably to a concentration of 0.20 mol L À1 . For the purpose of estimating stationary concentrations of intermediate radicals, the system is amplified 1000 times in order to obtain number of radicals without significant statistical fluctuation. The simulated kinetics, in terms of the concentration evolution of the starting and resulting dithioesters, depends on the input values of k add and k frg . Increasing either of the rate coefficients results in a faster overall reaction rate. The sensitivities of simulated outcome to the magnitudes of the rate coefficients are given as Supplementary Material. The magnitudes of rate coefficients of the RAFT process, k add and k frg , are refined to give the best fit to the measured kinetics. Fig. 3 shows the measured and simulated concentrations of dithioesters against reaction time. From the best fit to the changes in the concentrations of the starting dithioesters and products, values of rate coefficients, k add and k frg , are obtained for various reaction systems. It has been found that the kinetics are predominantly determined by the addition rate coefficients of the alkoxyamine-derived 1-phenylethyl radical towards various thiocarbonylthio compounds, k add_1 , and the rate coefficient of the intermediate fragmentation into a new dithioester, k frg_2 . Other rate coefficients, such as k add_2 , k frg_1 , k frg_3 and k frg_4 , only slightly affect the overall reaction rate. As shown in Table 1 , the magnitude of k add_1 ranges from 10 7 to 10 8 L mol À1 s À1 depending on the different structures of dithioesters. These values are close to those reported for small-molecular calculations, where k add_1 ¼ 10 6 À10 8 L mol À1 s À1 . [9, 28] They are larger than those measured for cumyl dithiobenzoate (CDB)-mediated RAFT polymerization of styrene, where k add_1 ¼ 5 Â 10 6 or 4 Â 10 6 L mol À1 s À1 . [12, 17] The relatively larger values of k add_1 can be ascribed to two reasons. First, the attacking radical is a small molecular fragment, which may react with C¼S at larger rate than those propagating chain radicals during polymerization. [53] Second, the reaction temperature in the present work was 908C, higher than those usually applied in the literature for kinetic studies. [12, 17] The structure of the leaving group of the dithioester affects only the magnitude of k add_1 , from 10 8 for the highly active CNSS to 10 7 L mol À1 s À1 for the least active BzSS. Coote and Barner-Kowollik, both in their own work and in analysis of previously published works, found that the values of k add of various radicals attacking identical dithioesters fell within a narrow range. [17,28c,28e,32,54] The present results indicate that the approaching radical and the highly reactive C¼S moiety undergo an almost barrierless addition reaction due to poorly overlapping p-p orbitals. [23] The upper bound for k add_1 is the coupling rate coefficient, k c_1 , between the carbon-centred radical and TEMPO, which react at a fast rate. [55] The chain-transfer rate of radical to dithioester in the present case should be comparable with the trapping rate by TEMPO, as evidenced by the instant appearance of the resulting dithioester on heating.
Because the structures of the attacking radical and leaving group are different from each other, four different rate coefficients of fragmentation from various intermediates in an individual cross-reaction system were expected. As shown in Table 1 , k frg_1 and k frg_3 were assumed to be identical to each other because the leaving groups were the same R 1 although the intermediates, R 1 SZSR 1 and R 1 SZSR 2 , were different. The magnitude of k frg_2 was assumed to be equal to that of k frg_4 for the same reason. It was also assumed that k frg_1 s (and therefore k frg_3 s) were identical for various dithioesters because all R 1 s were phenylethyl, but k frg_2 s (and therefore k frg_4 ) were different owing to the different structures of the leaving groups in various dithioesters. Theoretically, with any given k add_1 , the magnitudes of k frg_1 and k frg_2 will concurrently determine the rates of chain-transfer reactions. In the present case, however, the determining factor is k frg_2 because the reaction proceeds almost exclusively in one direction.
The values of k frg_2 obtained by fitting to the experimental results on the basis of k frg_1 ¼ 5 Â 10 À3 s À1 are listed in Table 1 . These values vary by approximately three orders of magnitude depending on the structure of the leaving groups. Both bulkiness and electronic factors on the a-carbon contribute to the ease of fragmentation. For example, cumyl and benzyl groups give k frg_2 s that differ by more than two orders of magnitude. Electronic factors can be inferred by comparison between cumyl and cyanoisopropyl, if these two leaving groups are regarded as substituted isopropyl groups. The electron-withdrawing cyano substituent destabilized the dithioester, producing larger values of k frg_2 . These results are consistent with the trends in chaintransfer reactivity measured experimentally using kinetic simulation [26] and quantum chemical calculations. [30] Monte Carlo fitting to the experimental kinetics demonstrates that the pure RAFT process alone can reproduce the kinetics of the radical exchange between alkoxyamine and dithioesters, provided that k add_1 is large and k frg_2 is small (slow fragmentation). Nonetheless, attention must be paid to the evolution of other species, such as the intermediates. The products produced through conventional termination, crosstermination and hydrogen-transfer termination must also be taken into account. Up until now, we have not succeeded in directly and precisely measuring these species by EPR or HPLC. This is not only because of the low concentration of the possible species concerned, but also because of the demanding instrumental conditions that would be required, such as online heating during EPR measurement. More experiments are necessary in the future. Fig. 4 shows the simulated concentration of the intermediate as a function of time for the exchange reactions of PEON and various dithioesters, using kinetic parameters fitted to the overall reaction rate. A stationary concentration is reached within 10 min. During the initial stage, radicals released by alkoxyamine were trapped rapidly by dithioester through an addition reaction, and mostly stored in the form of intermediate radical until the rate of fragmentation was comparable with that of addition. The stationary concentration of the intermediate is in the range of 10 À4 to 10 À3 M, which constitutes up to 10 % the concentration of the starting dithioester. These values are much larger than those observed by EPR during the RAFT polymerization. [32] [33] [34] [35] [36] In that case, the concentration of the intermediate was found to be within the range of 10 À6 À10 À7 mol L À1 .
Fate of the Intermediate Radical: Possible Causes of the Loss of the RAFT Agents
In an attempt to explain the unusually large calculated concentration of the intermediate, we made a close analysis of the sum of concentrations of starting and resulting dithioesters during the reaction. As shown in Fig. 3 , the sums were always a few percentage points less than the feed concentrations of the starting dithioesters. This raises the question of what the fate of that small percentage of thiocarbonylthio compounds might be, and, if they are consumed in the formation of the intermediate, what the fate of that intermediate might be. We discuss here several pathways for the additional consumption of the thiocarbonylthio compounds, including a tentatively proposed secondary RAFT process, for the present model cross-reaction.
The first pathway is cross-termination between the intermediate radical and the leaving radical, either from the alkoxyamine or from the dithioester, forming inactive dithioketal species (Scheme 1). The cross-termination mechanism was previously proposed by Monteiro. [16a] The corresponding terminated product was clearly characterized by Fukuda. [17] This mechanism provides one of the reasons for the rate retardation in RAFT polymerization. [8] The rate coefficient of crosstermination may be less than conventional termination owing to the steric hindrance of the intermediates. [17] In the present case, the cross-termination may also cause rate retardation and additional consumption of the thiocarbonylthio compounds.
The measured reaction rate is then fitted by including the cross-termination into the kinetic model. Taking the exchange reaction of PEON and CNSS as an example, Fig. 5 and Table 2 show the experimental and simulated results. The simulation uses kinetic parameters identical to those in Table 1 except that k frg_2 ¼ 60 s À1 and the rate coefficient of cross-termination, k t,cross ¼ (1/2)k t ¼ 10 9 L mol À1 s À1 . In this way, it seems that the cross-termination model can also describe the exchange reaction kinetics provided that a larger k frg_2 is used in the simulation. This point is supported by previous simulation work on the RAFT polymerization system. [56] A relatively large k frg also results in a smaller equilibrium constant. As shown in Fig. 5 , the calculated concentration of the intermediate was reduced to 2.5 Â 10 À6 M, which is similar to EPR-measured data. [32] [33] [34] [35] [36] The intermediate radical may also undergo self-termination, either directly or after the radical is delocalized onto the phenyl ring of the Z-group. [16, 57] Self-termination is more effective for the slow-fragmentation model in which concentration of the intermediate is high. These pathways were not included in the present simulation owing to the lack of the corresponding kinetic parameter values.
Because of the radical nature of the intermediate, it can reversibly couple with TEMPO to form alkoxyamine (Scheme 1). If this is true, the coupling reaction consumes remarkable amounts of both the intermediate and free TEMPO. This is because the equilibrium greatly favours the formation of alkoxyamine. However, preliminary results show no evidence of the anticipated alkoxyamine, indicating that the trapping reaction is negligible.
Other specific pathways for the reaction of the intermediate include chain transfer to oxygen and initiation. The former is possible if the reaction solution is not well deaerated, and the latter is only possible in polymerization systems. There has not yet been any report of the formation of star polymers by the initiation of the intermediate radicals.
Finally, the intermediate radical is likely to undergo further chain-transfer reactions with the RAFT agent through the secondary RAFT process, as shown in Scheme 1. The resulting second-generation intermediate possesses two leaving groups, one from the original RAFT agent and the other from the primary intermediate. Fragmentation occurs at the radical centre of the secondary intermediate only, but it can proceed in two directions, as in the conventional RAFT process, releasing either the leaving group of the original RAFT agent or the primary intermediate. In analogy to the competition between biradical termination and chain-transfer reactions in RAFT polymerization, the formation of the secondary intermediate competes with cross-termination between the primary intermediate and the propagating radicals. Although it might be slow owing to the steric hindrance in the product (trialkylthio species), the transfer reaction may not be negligible in comparison with the crosstermination because the concentration of the RAFT agent is much higher than the propagating radicals. Fig. 6 and Table 3 show the results obtained fitting the secondary RAFT model to the measured reaction kinetics. It was found that even a relatively small addition reaction rate coefficient (k add,sec-RAFT ) in the secondary RAFT process, e.g. 1.0 Â 10 4 L mol À1 s À1 , could affect the reaction rate. The inclusion of the secondary RAFT process allows us to estimate a larger primary fragmentation rate coefficient, k frg_2 ¼ 10 s À1 , Parameters: k t,cross ¼ 1 Â 10 9 L mol À1 s À1 ; k add_1 ¼ 1.0 Â 10 8 L mol À1 s À1 ; k add_2 ¼ 4.0 Â 10 7 L mol À1 s À1 ; k add_3 ¼ 6.0 Â 10 7 L mol À1 s À1 ; k add_4 ¼ 9.0 Â 10 7 L mol À1 s À1 ; k frg_1 (¼ k frg_3 ) ¼ 1.0 s À1 ; k frg_2 (¼ k frg_4 ) ¼ 60.0 s À1 . 
Concluding Remarks and Outlook
The use of alkoxyamine as the radical source allows the establishment of a model reaction from which quantitative estimation of the rate coefficients in the RAFT process is possible through Monte Carlo simulation fitting to the measured reaction kinetics. It was found that the addition rate coefficients of various dithioesters fall in a narrow range, from 10 7 to 10 8 L mol À1 s À1 , whereas the fragmentation rate coefficients vary by as much as three orders in magnitude depending on the structure of the leaving group. In addition, k frg is model-dependent. Kinetic fitting using the slow-fragmentation model gives k frg values approximately two orders lower than that using the cross-termination model. In the latter, k frg values are in the range of 10 À2 À10 2 s À1 , which is still much smaller than those obtained previously on the basis of the cross-termination mechanism. It was observed during the reaction that a small fraction of thiocarbonylthio compound is consumed through an additional unknown mechanism(s). We postulate that the secondary RAFT process is responsible for this 'loss' of the RAFT agents. The secondary RAFT process is the reversible additionfragmentation chain-transfer process between the intermediate radical and the original RAFT agent, producing a secondary intermediate that may undergo further RAFT process. Therefore, the RAFT polymerization might be constituted by a series of RAFT processes besides the primary, or main, RAFT equilibrium. Including the secondary RAFT process in the Monte Carlo simulation leads to not only a remarkably reduced concentration of the primary intermediate but also to a low fraction of species irreversibly terminated by the cross-termination, both of which are closely consistent with experimental observation. [32] [33] [34] [35] [36] Nevertheless, direct evidence for the secondary intermediate is absolutely necessary for the verification of the proposed mechanism.
We stress here that the kinetic measurement and fitting have room for further refinement. In the present work, the attacking radical and the leaving group are different, forming three types of primary intermediates in each reaction. The number of elementary reactions and the number of unknown parameters are still large. Related parameters can only be obtained through trial and error. We are currently designing a more efficient way to set up the reaction between alkoxyamine and dithioester with identical leaving groups, one of which is deuterated. In this new model, there will be only two unknown parameters, k add and k frg , for the conventional RAFT process. The kinetics can be measured using on-line NMR and EPR. Monte Carlo simulation on more observables and fewer unknown parameters will provide the most reliable values of the RAFT rate coefficients.
Supplementary Material
The characterization data of alkoxyamine and various dithioesters, and the measured concentration of the starting and resulting dithioesters, together with the calibration curve for PESS, are available on the Journal's website. 
